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This thesis is divided into two projects. The first project investigates the 
dissolution of the Hanford salt cakes, the chemical properties of the effluent and the 
physical properties such as viscosity of the effluent, the porosity and the permeability of 
the salt cake bed as the dissolution proceeds. The chemical results are compared to 
predictions using a thermodynamic model. Physical properties are important because they 
govern the rate at which the Hanford tanks can be emptied thus facilitating the 
remediation process. Two simulants were investigated for the dissolution process. The 
chemical analysis matched with the model predictions for both the simulants. A typical 
gibbsite layer formation was observed in the chemically complex simulant and 
experiments were performed to remediate the layer. The second project of this thesis 
studied the remediation of sodium phosphate dodecahydrate plug using water and sodium 
carbonate solutions at varying concentrations. A flow loop previously used to study the 
  
sodium phosphate dodecahydrate plugging mechanisms, was used to form a plug 
followed by the addition of water and sodium carbonate solutions. Results indicate that 
there was a drastic decrease in time to remediate the plug when sodium carbonate 
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The Hanford Department Of Energy site, located in the state of Washington, is 
home to 177 underground single shell and double shell tanks containing 53 million 
gallons of spent nuclear waste [1]. Many of these tanks are 30 years beyond their design 
life and some leakage into the soil is suspected [2]. 
The waste has been accumulating since 1944. In 1998, the United States Congress 
directed the Department of Energy to establish the “Office of River Protection”, to 
exclusively focus on the Hanford tank clean-up operations. The primary goal of this 
office was to establish and evaluate processes to clean the tanks quickly in a cost 
effective manner [1]. 
The waste from the tanks is comprised of sludge, salt cake, and liquid or 
supernatant. The sludge consists of solids that were formed during the neutralization 
procedure and is largely made up of metal oxides and hydroxides. The salt cake was 
formed during the evaporation and cooling of the high caustic, high nitrate supernate [3]. 
A process known as interim stabilization was introduced at the site, in which the 
free supernatant and interstitial liquor in the aging single shell tanks (largely containing 
salt cake waste) was pumped into double shell tanks [2]. The single shell tanks were built 
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between the 1940’s and the 1960’s with a single carbon shell surrounded by concrete.  In 
the stabilization process, the liquid from the tanks was transferred to the double shell 
tanks, which were built between 1968 and 1986. These tanks have two carbon steel shells 
surrounded by reinforced concrete. The removal of the liquid waste was considered as the 
first step in achieving the goals put forth by the Office of River Protection. However, 
solid waste remains in the tank after the liquid is retrieved. Approximately 31 million 
gallons of Hanford’s 53 million gallons of tank waste is in the form of solid salt cake or 
sludge [3]. The salt cake present in the tanks is to be retrieved by dissolution with 
diluents such as water. Removal of waste from the tank allows closure of the tank.  
The salt cake generally has the consistency of wet beach sand and can be retrieved 
by dissolving it in liquid (sluicing) and then pumping it out of the tank [3]. Sluicing is the 
spraying of large volumes of diluent liquid at high pressures to break and dissolve the 
solids, which are then pumped out of the tanks. The disadvantage of this method is that it 
creates large volumes of liquid in the tanks, potentially causing more leakage in the soil 
[3].  In another promising retrieval technology, water is sprinkled over the top of the salt 
cake and the dissolved solution is pumped out of the tanks [3]. Both of these processes 
rely on the pump infrastructure already available in the tanks that was previously 
employed for interim stabilization.  
The clean-up operations at Hanford take place in various stages. The first stage is 
the pumping out of the interstitial liquid in the salt cakes. It is during these brine transfers 
that pipeline plugs are observed. The material transferred out of select tanks at the site 
has been observed to form sodium phosphate dodecahydrate plugs in the transfer lines. 
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The mechanism of the plug formation has already been studied at DIAL, Mississippi 
State University [4]. Efforts have been directed towards the remediation of the phosphate 
plug using water and sodium carbonate solutions as chemical dissolution agents. The 
second step in the tank clean-up process is the dissolution of the salt cake once the 
interstitial brine has been pumped out.  
Experiments have been performed to understand the chemistry and the physical 
parameters of the salt cake dissolution process for tanks S-112 and S-101. These efforts 
have been presented as two parts in the thesis. The first portion of the thesis consists of a 
study of the dissolution process of simulant salt cakes, for Hanford tanks S-112 and S-
101.  A column was designed at DIAL (Chapter 2) for the purpose of conducting 
dissolution experiments on these simulants. Porosity, permeability, and dissolution rate of 
the salt cake as well as viscosity and composition of the liquid effluent were determined 
from experimental data. The physical characteristics of the salt cake, such as porosity and 
permeability, are important because they govern the rate at which the salt cake can be 
dissolved and thus, the rate at which the tanks can be emptied. They also determine the 
time required for the diluent to penetrate the salt cake bed. Chemical analysis was 
performed on the effluent from the dissolution process in order to obtain data, which 
could be compared to model predictions from the Environmental Simulation Program 
(ESP) and to assess resulting stream properties, such as density and viscosity that are 
important to waste transfers and storage. 
The second portion of this thesis focused on understanding the movement of 
dissolved salt solutions through the transfer lines at the Hanford site.  These transfer lines 
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are constructed from carbon steel pipe and interconnected by jumpers. Although the 
transfer lines are insulated and buried underground, the jumpers are not heat-traced. As a 
result, plugging of the pipeline occasionally occurred during the waste transfers. 
Chemical analysis confirmed that sodium phosphate dodecahydrate 
(Na3PO4⋅0.25H2O⋅12H2O) was mainly responsible for plugs from the interstitial liquid of 
tank 241-SX-104 [5]. Pipeline plugs have been known to occur in the transfer lines when 
the interstitial liquid from the salt cake is pumped out the tanks. The plugs, once formed, 
cannot be cleaned manually because of the presence of radioactive materials in the plug. 
Hence a remediation procedure must be used. If plugging occurs in a transfer line and an 
effective method for its remediation is not available, it affects the waste delivery time and 
in turn increases the scheduling costs. In the present work, methods for clearing sodium 
phosphate dodecahydrate plugs have been investigated using sodium carbonate solutions. 
 
1.2 LITERATURE REVIEW 
1.2.1 Porosity and Permeability 
Porosity is defined as the ratio of void volume to the total volume in a given 
media [6]. Porosity is often coupled with another physical parameter, the permeability. 
Permeability is a measure of how easily a fluid passes through a porous medium. 
Permeability is a property of a solid and is independent of the viscosity and the density of 
the carrier fluid [6]. Permeability is represented by k and has the dimensions of L2. It is 
usually reported using the Darcy (1 Darcy = 0.987 x 10-8 cm2) [7]. 
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1.2.2 Darcy’s Law 
Darcy’s law is typically used for laminar, single-phase flow in a porous media [6].  
Darcy’s law states that, for a given system, the flow is proportional to the pressure drop 
and inversely proportional to the fluid viscosity [6]. The permeability of the salt cake is 







..µ  (1.1) 
where k is the permeability of the salt cake, Q is the flow rate of the effluent through the 
column, µ is the viscosity of the effluent from the column, A is the cross sectional area of 
the column, and ∆P is the pressure drop across the column. 
Darcy’s law is derived from the Navier-Stokes equations and is a statistical result, 
which gives the empirical equivalent of the Navier-Stokes equations [6].  The pressure 
drop is calculated using equation (1.2) [9]: 
  (1.2) 2.. hgP ρ=∆
where ρ is the density of the brine, and h2 is the height of the diluent above the top 
surface of the salt cake. This pressure drop was used in the computation of porosity and 
permeability of the salt cake bed. 
 
1.2.3 Blake-Kozeny Equation 
The porosity of the salt cake is calculated using the Blake-Kozeny equation [6, 7], 




















Q P  (1.3) 
where ε is the porosity of the salt cake, Dp is the particle diameter, and L is the height of 
the salt cake in the column. 
For the salt cake dissolution experiments, the assumptions made in the derivation 
of this equation for the evaluation of porosity are not strictly valid.  However, a search of 
the literature revealed the work of Macdonald et al., who discussed the calculation of 
porosity and permeability for a glass bead bed with multisized spherical particles [7]. The 
most serious limitation of the Blake-Kozeny equation is that it cannot be used for a 
porous media consisting of multi-sized particles. Standish and Collins proposed that the 
Blake Kozeny equation should be replaced by a generalized Blake Kozeny equation in 
which the harmonic mean of particle diameters is used to include the contributions from 
multi-sized particles [10]. In the generalized equation derived in their work, the 




, replaces the constant 150 used in equation (1.3) [7]. This 
appears to be a significant difference; however, in the original derivation of the Blake 
Kozeny equation, the constant (150) was used to correct the derived constant (72) for 
tortuosity [11]. In the original derivation, various other factors were also neglected, 
including the converging and diverging nature of channels in spheres [12], and the 
interconnected channels in a porous media [13]. Furthermore, although the Hagen-
Poiseuille equation is retained, the shape factor is not considered in the original 
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derivation. The constant (150) was obtained by Bird et al. [11], who fit experimental data 
to correct for these discrepancies. 
The experimental apparatus for the salt cake dissolution experiments, designed for 
this work, is similar to that used by MacDonald et al. [7]. The one primary difference is 
the use of a peristaltic pump to control the inlet flow rate, whereas a gravity method was 
used in the prior work. 
 
1.2.4 Sodium Phosphate Dodecahedrate (Na3PO4⋅0.25NaOH⋅12H2O) 
Polarized light microscope studies performed at DIAL, by Herting [14] and 
reported in the literature [15, 16] have confirmed that the sodium phosphate 
dodecahydrate crystal is rod shaped. A typical PLM image is shown in Figure 1.1.  
 
Figure 1.1 Sodium Phosphate Dodecahydrate Crystals at 200X. 
 
The literature also suggests that excess amounts of sodium hydroxide may be 
present in the phosphate crystal [17]. The amount of NaOH present in the crystal varies 
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from 0 to 0.25 moles per mole of Na3PO4.12H2O, depending on the conditions under 
which the crystal was formed. The sodium phosphate crystal has sodium ions surrounded 
by an octahedral of water in which six member rings comprise the faces of the 
octahedron. These are linked into infinite sheets, which are connected to one another by 
phosphate tetrahedra. All the molecules are connected by hydrogen bonds [17]. 
 
1.2.5 Reaction of Carbon Dioxide with Sodium Phosphate  
X-ray diffraction and photoelectron spectroscopic studies have suggested that the 
following reaction occurs between carbon dioxide and sodium phosphate [18]. 
CO2 (g)+ Na3PO4.12H2O  Na2HPO4.7H2O (s) + NaHCO3 (s) +4 H2O (1.4) 
It was experimentally found by spectroscopy that the amounts of Na2HPO4.7H2O 
and NaHCO3 increased at the expense of sodium phosphate [18]. Belton et al., suggested 
that, due to the typical structure of the sodium phosphate molecule, the phosphate group 
is readily available for reaction and is converted to a hydroxylated form [18]. 
The plug formed during the transport of 241-SX-104 surrogate consisted 
primarily of sodium phosphate [5]. The use of sodium carbonate solution is investigated 
in this work to determine its effectiveness in dissolving the plug formed.  It is anticipated 
that, based on reaction (1.4), a similar reaction between the carbonate anion and sodium 




1.3 MOTIVATION FOR WORK 
.  The primary goal of this thesis is to study the physicochemical properties of the 
salt cakes based upon simulated waste compositions for Hanford tanks S-112 and S-101 
at various stages of dissolution using water as a diluent. Another important goal of this 
thesis is to investigate whether sodium carbonate solutions effectively dissolve the 
phosphate plugs. The performance of this diluent will be compared to previous results 
from unplugging studies performed with warm water (50°C). 
Chapter 2 of this thesis describes the experimental details of these studies. The 
first section covers the design of the column used for dissolution experiments and the 
experiments performed on S-112 and S-101 salt cakes using water as the diluent. Also 
described are a number of auxiliary experiments that were performed.  One important 
experiment was the duplication of the formation of a layer, which occurred during the S-
101 dissolution experiments. Here, characterization of the layer and the action of various 
diluents used for the dissolution of the layer were investigated.  The second study 
describes the unplugging experiments performed on the existing test-loop with water and 
sodium carbonate solutions of different concentrations.  
Chapter 3 discusses the results obtained from the experiments with the S-112 and 
S-101 simulants and the unplugging data for the 241-SX-104 surrogate. The experiments 
provide information related to the dissolution of various salts in the column along with an 
understanding on the effects of the transport parameters of the diluent and liquor through 
the bed. The liquid fractions from the experiment were analyzed for major ions using ion 
chromatography (IC), inductively coupled plasma spectroscopy (ICP) and total inorganic 
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carbon (TIC) instruments. Measurement of the viscosities of collected liquid fractions 
was performed to obtain data necessary to evaluate the porosity and the permeability of 
the salt cake bed. The experiments allowed the determination of the chemistry associated 
with salt cake dissolution and the various parameters that affect the retrieval process. 
Furthermore, this chapter also discusses the remediation of the sodium phosphate 
dodecahydrate plug using sodium carbonate solution. The experimental results show that 
there is a substantial decrease in the time required to remediate the plug when carbonate 
solution is used as the diluent as compared to water as the diluent.  
Chapter 4 summarizes the conclusions drawn from the research. This thesis is 
intended to be a link between two closely related problems associated with the clean-up 






EXPERIMENTAL METHODS AND MATERIALS 
 
 
2.1 SALT-CAKE DISSOLUTION EXPERIMENTS 
Salt cake simulants from tanks S-112 and S-101 were dissolved using water as a 
diluent. This section provides details on the experiments performed and various physical 
and chemical analysis tools employed to quantify the salt cake dissolution process. 
 
2.1.1. Experimental Design 
A 3-inch ID, 3-inch tall acrylic column was fabricated in the DIAL machine shop. 
Figure 2.1 shows a schematic representation of the Salt-cake Dissolution Flow Module 
(SDFM).  
The column consisted of a bottom piece, equipped with a reservoir and a central 
hole. Over this bottom piece was placed a 1000-micron stainless steel (SS) grid, which 
was used to support a 100-micron polypropylene filter. A Teflon O-ring was placed so as 
to hold the filter and support it in position. A graduated acrylic cylindrical section was 
then screwed to the bottom piece.  Similarly, an upper section was screwed to the 
cylindrical section and was equipped with a central hole. A thermocouple, T1, was placed 
in the upstream feed line. One side of the pressure transducer was also connected to the 
11 
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upstream feed line while the other side of the pressure transducer was connected to the 
discharge line. A second thermocouple, T2, was placed in the discharge line. 
 
Figure 2.1. Experimental Set-up for Dissolution Experiments. 
 
Conditions for the laboratory experiments were scaled so that conditions in use at 
Hanford could be simulated.   The maximum flow rate used at Hanford is 8 gal/min in a 
75 feet diameter tank. Equating the flow to area ratio for the SDFM and the Hanford tank 
resulted in a maximum flow rate of 0.33 cc/min for the 3-inch diameter column. Water 
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was used as a diluent and pumped at a flow rate of 0.3 cc/min through the column using a 
Master Flex L/S peristaltic pump (model # 77390-00). The upper surface of the column, 
packed with salt cake, was open to the atmosphere. According to the pump specifications, 
the pressure head of the unit was greater than atmospheric pressure and it was decided to 
perform the experiments at atmospheric pressure. A ball valve was attached to the bottom 
of the column and was used to allow collection of the chemical fractions in a fraction 
collector. Two 316 SS tees were connected to the top and the bottom of the column to 
accommodate the pressure transducer and the thermocouples. Various auxiliary 
equipment items were also used in the experiments. 
2.1.1.1. Fraction Collector 
A Spectra/Chrom CF-1 fraction collector was used to collect the liquid fractions 
from the column experiment. Variable collection times could be selected on the fraction 
collector. In practice, a time interval of 15 minutes was set on the fraction collector.  
With the maximum flow rate of 0.3 cc/min, a collection vial could be filled in the 
specified time interval, and sufficient sample would be available for analysis.  
2.1.1.2. Peristaltic Pump 
The peristaltic pump was calibrated by passing water through the pump at 
different flow readings and weighing the amount of water collected in the receiving 
beaker for a specific time. Calibration results are shown in Figure 2.2. Based on the 
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Figure 2.2. Calibration for Peristaltic Pump. 
 
2.1.2.  Initial Test Experiments and Modifications to the Column 
 
Initial salt cake dissolution experiments showed inconsistent flows well below the 
desired flow rate of 0.3 cc/min and some physical blockage was suspected. In these 
experiments, a 25-micron SS filter was used. Two flaws in the initial design of the 
column were discovered through these initial experiments.  These flaws were the filter 
used and the geometry of the bottom portion of the column. In order to overcome these 
difficulties, the bottom portion of the column was replaced with a perforated bottom 
portion with the exit located on the side along with a filter of greater pore size. An 80-
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micron SS filter was used, but intermittent flow was still observed. Solids were observed 
to form within the grids of the SS filter as shown in Figure 2.3. As a result of this solids 
formation, the downstream flow was drastically reduced. Hence, it was decided to look 
for a filter media that was hydrophobic in nature. A product survey indicated that a 
polypropylene filter would be compatible with the high pH fluids and was hydrophobic. 
 
 
Figure 2.3. 100X Image of Blocked Screen. 
 
A 100-micron polypropylene filter was tested for throughput by varying the flow 
from the peristaltic pump. The data in Figure 2.4 show that, after an initial period, when 
the filter is wetted by water, the downstream flow attained a constant value near 0.3 
cc/min, which was the input flow rate. As the flow through the pump was increased, the 
downstream flow increased accordingly until a constant value was attained. The response 
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Figure 2.4. Experiment for Testing 100-Micron Polypropylene Filter. 
 
2.1.3.  Experiments with Glass Beads 
Experiments were performed with glass beads to allow estimation of the porosity 
of a bed made of nearly spherical glass particles. Glass beads were loaded in the column 
and water was passed at a flow rate of 0.3 cc/min.  The porosity of the bed of glass beads 
was calculated using the Kozeny equation as described in Chapter 1. The determined 
average value was 32% and is in agreement with theoretical results, which predict a value 
of 37% [7]. The glass beads, 0.1 mm in size, were procured from Biospec Products, Inc. 
A level of water was maintained above the bed such that the pressure drop could be 
evaluated.  This pressure drop was then used to determine the porosity and the 
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permeability of the bed as a function of time. Figure 2.5 shows the change in porosity and 
Figure 2.5. Porosity of Glass Beads
in permeability as a function of time.  
 as a Function of Time. 



































rk, the average experimental value for porosity was 32%. The porosity was 
calculated using the Blake Kozeny equation [7]. Figure 2.6 is a PLM image of the glass 
beads used for the porosity measurement experiments. There is a 5% difference in the 
porosity obtained from experiments and that from the literature. This can be attributed to 
the polydisperse nature of the glass beads. A PLM image shown below in figure 2.6 
shows different sizes of the glass beads. Also the glass beads are not spherical in some 
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cases and this changes the constant 150 in the Blake Kozeny equation. The main purpose 
of these experiments was to compare the experimentally determined porosity and 
permeability with values reported in the literature.  This would confirm that the methods 
used to evaluate porosity and permeability of the salt cake were appropriate. 
 
 
Figure 2.6. PLM Image at 100 X Magnification for Glass Beads. 
2.1.4. reparation of Salt Cakes (S-112 and S-101) 




Both salt cake surrogates examined in this work
stainless steel beaker was used and the tare weight of the beaker and a magnetic 
stirrer was recorded. 1 L of deionized water was added to the beaker and the beaker was 
placed on a hot plate. A thermometer was used to monitor the dissolution and evaporation 
stages of the procedure. A known amount of sodium aluminate (Table 2.1) was then 
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added. This solution was heated to about 60°C and sodium hydroxide was slowly added. 
The remaining chemicals were then added sequentially. After each addition, the solution 
was stirred for a sufficient time to allow the solids to dissolve. The hot plate was then 
adjusted to a temperature of 90°C. If the slurry was very thick, additional water was 
added, but a total volume of 1900 ml was not exceeded. The hot plate was then adjusted 
to maintain a temperature of between 100°C and 120°C. Water was allowed to evaporate 
until the volume of the slurry was 1000 ml. The hot plate was then turned off and the 
solution was allowed to cool to room temperature [19].  
 
Table 2.1. Chemical Components for S-112 and S-101 Surrogate Preparation 
 
C mical Moles Amount Moles Amount he
Formula Required 
(S-112) (S-112) (S-101) (S-101) 
Al(NO3)3. 9H2O 59 0.967 362.   
 0.967 79.23 
NaOH 5.687 227.48 0.305 2.20 1
Na2CO3  0.813 86.17 1.233 130.69
NaPHOHa  0.313 121.92 0.313 121.92 
Na2SO4 0.189 26.79 0.313 44.46 
NaCl   0.143 8.36 
NaNO2 1.409 7.22  9 0.248 17.11
NaNO3 2.042 73.37 8 1 4.942 419.5
 






Na2C2O4   0.126 16.82 




2.1.5 Experimental Procedure 
The experimental steps used in the column experiments were the same for both 
surrogates. Initially, the salt cake was prepared and was allowed to age for five days so 
that there would be no further precipitation of the solids and thus, equilibrium would be 
established prior to the dissolution experiment. The surrogate was thoroughly mixed 
before introduction in the column. A 3” polypropylene filter was cut to shape and placed 
at the bottom of the column with O-rings to support it. The salt cake was added to the 
column using a stainless steel rod for uniform distribution and the column was leveled 
using a level indicator. At the same time, the imaging system (section 2.2.2) was turned 
on with a collection interval of 1 hour. The salt cake was allowed to settle overnight for 
uniform and compact packing. It was observed that a level of brine was formed above the 
salt cake. The brine, or supernatant liquid, was allowed to drain through the salt bed until 
the liquid surface was level with the top surface of the salt cake.  A 3-inch Whatmann 40 
filter was cut and placed over the salt cake to allow uniform distribution of the water 
introduced at the top of the column. The upper portion of the column was then closed and 
the pressure transducer and the thermocouples attached to the assembly. Diluent (water) 
was introduced at a flow rate of 0.3 cc/min using the peristaltic pump. The fraction 
collector was started and samples were collected at 15-minute intervals.  
The experimental data were used to estimate the porosity and the permeability of 
the salt cake using Darcy’s law [7]. Since the pressure reading from the transducer was 
negligible, the pressure head in the tank was calculated using equation (2.1) [8, 9]. 
2.. hgP ρ=∆  (2.1) 
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where ρ is the density of the brine and h2 is the height of the diluent above the top surface 
of the salt cake.  
Viscosities were measured for the fractions collected at different time intervals 
and were used in the evaluation of porosity and permeability as described previously 
(Chapter 1). An explanation on the viscometer and various other chemical analysis tools 
is given in section 2.2 of this chapter. 
 
2.1.6. Additional Experiments on Surrogate S-101 
A layer was observed to form during dissolution of the S-101, or surrogate #2, salt 
cake.  Consequently, the time required for the dissolution of surrogate #2 was 
considerably larger than for surrogate #1. Subsequent efforts were directed at 
investigating the properties of the layer that had formed. A series of small column 
experiments were designed to evaluate the layer formation process and to obtain 
sufficient volumes of the layer for viscosity measurement and chemical analysis. Since 
the layer formed in these small column experiments was small, 2 or 3 experiments were 
set up simultaneously to generate sufficient layer material for study. An experiment was 
also developed to see if additional/other diluents could be added that would dissolve the 
formed layer. 
The small columns were made in the DIAL workshop from plastic vials. Five 
holes were drilled at the bottom of the column for effluent flow. A small piece of 
polypropylene filter was cut and placed at the bottom of the column. It was held in place 
with the bottom cap of the column. The columns were filled with the salt cake, again, 
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using a stainless steel rod for uniform distribution. The columns were left overnight to 
allow the brine layer to form over top of the salt cake.  The brine was then drained. A 
known amount of water was then added using a pipette. The imaging system was turned 
on and the layer allowed to form. The layer was carefully extruded using a specially 
created Teflon plunger and analyzed. Two simultaneous experiments were set up to 
dissolve the layer using 1m and 3m NaOH solution. Equal amounts of layer material 
were taken in 2 small plastic columns. 1m NaOH was introduced into one and 3m NaOH 
in the other.  
 
2.2. ANALYSIS TOOLS FOR EXPERIMENTS WITH THE S-112 AND S-101 
SALT CAKE SIMULANTS 
 
Various instruments were used during the experiments and for analysis of the 
collected fractions. These could be classified as tools for measuring physical properties 
such as viscosity, height of the salt cake and the diluent (for porosity and permeability 
measurements).  The polarized light microscope was used for identification of crystals 
and measurement of their sizes. Chemical composition of the original brine in the salt 
cake and the dissolved salt solutions were determined using an Ion Chromatograph (IC), 
an Inductively Coupled Plasma spectrometer (ICP), a Total Inorganic Carbon/Total 
Organic Carbon (TIC/TOC) instrument, and a Thermal Gravimetric Analyzer (TGA). 
The environmental simulation package (ESP) was used as a comparison model for 




2.2.1. Brookfield Rotating Viscometer 
The viscosities of samples collected in the fraction collector were measured using 
a Brookfield Model LVDVII+ rotational viscometer. The viscometer provided a 
continuous display of viscosity (cP), shear rate, shear stress, % torque and the spindle 
type. Two different sample adapters (sample chambers) were used in these experiments. 
Fractions were analyzed using spindle number S00. This sample chamber required a 
sample size of 16 ml and could measure viscosities in the range 1.0 – 2000 cP. The 
viscosity of the layer material was determined using a small sample adapter with spindle 
number SS16. This sample chamber required a sample size of 4.2 ml and could measure 
viscosities in the range 60 – 400x106 cP. The sample chambers were removable, which 
helped in successive measurements, and were easy to clean. The cylindrical geometry of 
the spindle provided for accurate viscosity measurements. In this instrument, all 
rheological properties of the fluid are determined under laminar flow conditions, which 
means that all particle movement must be in layers and directed by a shearing force. The 
shear rate is given by the speed of the spindle, the size and shape of the spindle, and the 
size and shape of the sample container. Therefore, it depends on the distance between the 
container wall and the spindle surface [20].  
The viscometer was calibrated using silicone fluids traceable to NIST.  Viscosities 
of 4.8 and 9.8 cP were used for spindle S00 and 1000 and 5000 cP for spindle SS16. The 
viscosity standards were Newtonian. These fluids were filled in the sample chamber and 
the viscosity was measured at room temperature. The measured viscosity was compared 
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to the standard viscosity and data are presented in Appendix A. The viscometer is shown 
in Figure 2.7. 
 
Figure 2.7. Brookfield LV DV II+ Viscometer. 
 
2.2.2. DIAL/MSU Imaging System 
A Pulnix camera was used for capturing the images during the course of the 
dissolution experiment. The camera had a resolution of 640 x 480 pixels and was used 
with a lens having a focal length of 75 mm. Extender lenses were also available, which 
doubled the total magnification. The camera was connected to an IMAQ frame grabbing 
board on the computer. SnapfastDisp software was used to capture the images at a user-




2.2.3 Polarizing Light Microscope (PLM) 
An Olympus BX50 polarizing light microscope was used to observe and identify 
the solids at the beginning and the end of the experiment. Average particle diameters 
were needed for evaluation of the porosity using the Blake-Kozeny equation. Objectives 
of 10X, 20X and 40X were used in conjunction with an eyepiece of magnification 10X. 
A color camera (OLY-750 Olympus) was attached to the microscope, which in turn was 
connected to the computer to capture real time images. Image Pro Plus software was used 
for analysis.  
For the salt cake dissolution experiments, the PLM was used for particle size 
analysis. PLM images were taken to check the consistency of the prepared salt cake. The 
image analysis also allowed comparison of solids with the chemical analysis.  This gave 
verification on the initial chemical composition before the dissolution process was 
started. A standard procedure was developed. A PLM image of the sample was taken, 
usually at 200X magnification. This image was then converted to a 12-bit gray scale 
image using the software. Contrast enhancement was performed and then line analysis 
was performed to obtain the background intensity. This number was then subtracted from 
the gray scale image for background corrections. Then a number, usually in the range 
from 2-4, was multiplied to the new image for contrast enhancement. The particles shown 
in the image were then counted using the Count function and the results of the counting 
process were then sent to an Excel spreadsheet. The image was then inverted and the 
particles counted a second time, with the data exported to Excel. Histogram analysis was 
performed on the data and the particle size distribution was plotted. Histogram analysis is 
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a built-in statistical function in Microsoft Excel, and was used to specify a particular 
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Figure 2.8. Particle Size Distribution for S-112 Surrogate. 
 
2.2.4. Environmental Simulation Program (ESP)  
The Environmental Simulation Program (ESP), (OLI Systems, Inc., Morris Plains, 
NJ) was used to predict the chemical composition and dissolution behavior of the 
surrogates. Various specifications concerning the process had to be given to the software 
in its respective sections. The first section dealt with the chemistry model, where the 
chemical species of interest were selected.  The software then retrieved thermodynamic 
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data regarding the various chemical species that could be formed. The second section 
considered the process in terms of unit operations. Here, operations such as mixing, heat 
exchanging, etc., were specified along with the input or feed composition of the chemical 
stream. The third section was the Analysis section where the simulations were performed 
under specified conditions of pressure and temperature, set in the process. The final 
section gave the output, which could be obtained as either an Excel spreadsheet or a text 
file. 
A standard procedure was followed for surrogates S-112 and S-101 in order to 
adjust the amount of water to that measured by using thermal gravimetric analysis (see 
section 2.2.5). In addition to the default PUBLIC database in ESP, the TV60TRON and 
the NA2SNACL databases were used. 
The block diagram representing the preparation of the S-112 and S-101 surrogates 
is shown in Figure 2.9. Various dilution steps were then carried out to correlate the 
experimental data to the ESP predictions. TGA analysis was performed to measure the 
water content of the salt cake. Depending on the measured water content, the ESP code 
was adjusted before the dilution process. Figure 2.10 shows the ESP block diagram for 
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Figure 2.10. ESP Simulation for Salt Cake Dissolution. 
 
2.2.5. Chemical Analysis Tools 
2.2.5.1. Ion Chromatography (IC) 
Anions including SO42-, NO2-, NO3-, PO43-, F-, and Cl- were quantified using a 
Dionex model 500-ion chromatograph. Ion chromatography is a type of liquid 
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chromatography in which ion-exchange resins are used to separate the ions to be 
analyzed based on their individual interactions with the resin [22]. The instrument 
consisted of an eluent generator, a pump, an electrochemical detector, a guard column 
and a separator column. KOH was used as an eluent in the mobile phase. The 
electrochemical detector was used to measure the conductivity. The liquid sample to be 
analyzed was introduced at the top of the separator column, while KOH was pumped 
through the column resulting in the migration of sample ions. These anions were then 
passed to a suppressor system to increase the sensitivity of the analysis by reducing the 
chemical conductivity of the eluent before it entered the conductivity cell. Here, the 
analyte ions were separated into bands depending on the conductivity [23].  The process 
resulted in a plot of conductivity against time. Each ion in consideration was represented 
as a peak on the chromatogram. ESP calculations predicted maximum concentrations of 
various anions: nitrate anion 220,000 ppm (by volume); nitrite anion, 100,000 ppm; 
phosphate anion, 4800 ppm; sulfate anion, 18000 ppm; fluoride anion, 106 ppm; and 
chloride anion, 12200 ppm.  Analysis of samples thus required dilution in order for the 
anion concentrations to be within the linear calibration range of the IC (Figure 2.11). 
Dilutions were performed using water and associated dilution factors are given in 






Figure 2.11. IC Calibration Curves for NO3-, NO2-, SO42-, PO43-, and Cl-. 
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2.2.5.2. Inductively Coupled Plasma (ICP) 
An Optima 4000 series inductively coupled plasma-optical emission spectrometer 
(ICP-OES) was used for the determination of Al3+. The system consisted of a plasma 
source, a sample introduction system and a spectrometer with a CCD array detector. The 
sample introduction chamber was comprised of a peristaltic pump, a pneumatic nebulizer 
and a spray chamber. A liquid sample to be analyzed was introduced using the peristaltic 
pump into the nebulizer where aerosol droplets of the sample were formed. These 
droplets were transported to the plasma torch that ionized the droplets and generated a 
high temperature plasma discharge [22, 24]. The high temperatures raised the excitation 
levels of the elements from the ground state to a higher energy level. Subsequent cooling 
resulted in atomic emission, which is characteristic for each element [22, 24].  
The experimental samples were diluted to a concentration range specified by the 
system calibration.  A maximum concentration of Al3+ predicted by ESP was determined 
as 30,000 ppm. For both S-112 and S-101 surrogates, the samples were diluted 50 times 
to match the ICP calibration range. The ICP was calibrated for Al3+at 2 different 
wavelengths, 308.215 Å and at 396.153 Å. Calibrations are shown in Figures 2.12 for 

























Figure 2.12. Calibration Curve for Al3+ at a Wavelength of 308.215 Å and 396.153 Å. 
 
2.2.5.3. Total Inorganic Carbon/ Total Organic Carbon (TIC/TOC) 
The carbonate and the oxalate concentrations were determined using a Phoenix 8000 
analyzer. The instrument consisted of a syringe for sample introduction, a UV cell for 
TIC and TOC analysis, various components for moisture removal such as a gas/liquid 
separator, a mist trap and a permeation tube, a halogen scrubber for halogen removal and 
a non-dispersive infrared detector (NDIR) [25]. The detection range of this equipment 
was 2 ppb to 10,000 ppm (by volume) [25]. The instrument utilizes UV light and 
chemical oxidation to break down the species containing carbon to CO2, which is then 
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detected by the NDIR. Data were logged to a computer. The IC also provided analysis of 
oxalate, but there were discrepancies in the IC output. The maximum concentration of 
CO32- ion predicted by ESP was 77000 ppm. A calibration curve used for the analysis is 
given in Figure 2.13. The samples were diluted using a dilution factor of 500 for S-112 

















Figure 2.13. Calibration Curve for TOC Analysis. 
 
2.2.5.4. Thermal Gravimetric Analysis (TGA) 
A Pyris Muse TA Rheo system was used for the TGA analysis.  TGA analysis 
provides information on the moisture content (% H2O) of a sample.  The percent water 
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present in the salt cake was used as input to the ESP program. The TGA analysis was 
performed to check the consistency of water loading in all the salt cakes prepared. The 
percent water analysis for S-101 surrogate gave water content of 24.5 % water by weight. 
TGA analysis was not performed for surrogate S-112. 
The TGA system consisted of a balance beam, a sample holder, sample pan tray, 
furnace and a balance mechanism part. The thermal gravimetric module of the instrument 
used a horizontal differential balance system [26]. A pivot independently supported the 
sample beam and the reference beam. A change in weight on the sample beam changed 
the position of the slit and this movement was conveyed to the rear end of the beam by 
the pivot. Optical position sensors were present which detected this change and sent a 
signal to the balance circuit, which supplied a feedback current for the slit to return to its 
balanced position. This current was detected and converted into mass [26].  
 
2.3. UNPLUGGING OF 241-SX-104 PLUG USING SODIUM CARBONATE 
Supernatant (interstitial liquid) from Hanford tank 241-SX-104 was previously 
observed to result in a pipeline plug [5]. The principal chemical constituent thought to be 
involved was sodium phosphate dodecahydrate (Na3PO4⋅0.25H2O⋅12H2O) [5]. Research 
had been performed previously to understand the sequence of events and the baseline 
conditions such as temperature and phosphate concentration that led to plug formation 
[4]. Additional work was performed as a part of this thesis in an attempt to develop 




2.3.1 Preparation of Surrogate 241-SX-104 
The 241-SX-104 supernatant was prepared by sequentially mixing the chemicals 
given in Table 2.2. Water was first preheated to a temperature of 50°C and then the salts 
were added. The simulant was kept at the same temperature for 24 hours before 
performing the plugging experiment. 
 
Table 2.2. Sources, Purity and Amounts of Chemicals used in Unplugging           
Experiments. 
 
Sr.No. Chemicals Purity Molality Weight 
(gm) 
1 NaOH > 97 %  2 80 
2 NaNO3 > 99 %  7 595 
3 NaAlO2 a  1 82 
4 Na2CO3 > 99 %  0.1 10.6 
5 Na3PO4.12H2O 
.0.25NaOHb 
Minimum 98 % 0.3 117.03 
 
b sodium phosphate was purchased from Sigma Aldrich. All other chemicals were 
purchased from Fluka. 
 
aAl (as Al2O3) 50 – 56 %, Na (as Na2O) 40 – 45 % 
 
 
2.3.2 Preparation of Sodium Carbonate Solution 
Sodium carbonate solutions were used to unplug the sodium phosphate 
dodecahydrate (Na3PO4⋅0.25H2O⋅12H2O) plug formed in the test loop. Initially, 
anhydrous sodium carbonate was mixed with water at room temperature. The temperature 
of the tank holding the carbonate solution was then increased and maintained at 55°C.  
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Various concentrations of sodium carbonate solution were investigated and results were 
compared to a control experiment where pure water was used. 
Calculations were performed in ESP for the dissolution of the plug in sodium 
carbonate solution. These predictions showed that as the concentration of the sodium 
carbonate solution increased, the solids partitioning changed. These results are 
summarized in Figure 2.14. 
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Figure 2.14.  Solid Dissolution as a Function of Carbonate Concentration. 
 
37 
The procedure employed in the laboratory test-loop was that the flowing surrogate 
was cooled to a particular temperature, so that a plug would form in the test-loop.  Once 
the plug was established, sodium carbonate solution was introduced into the test loop, to 
determine if dissolution of the solid plug would occur.  
 
2.3.3. Test-Loop Specifications and Instrumentation 
The test-loop on which the unplugging experiments with sodium carbonate 
solution were carried out has been previously described and will only be summarized 
here [4]. The Process and Instrumentation Diagram of the modified test-loop is shown in 
Figure 2.15. In this work, a clear acrylic section was substituted for Heat Exchangers 3 
and 4.  This allowed visual observation of the plug formation and dissolution, which was 







Figure 2.15. Process and Instrumentation Diagram for Salt-Well Pumping Test Loop. 
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The test-loop included three stainless steel tanks which served as a surrogate 
holding tank (Tank 1), a surrogate return tank (Tank 2), and a tank for holding the diluent 
(Tank 3). The tanks were 12” x 12” x 14” (L x B x H) with a thickness of 0.135” and a 
maximum capacity of 7 gallons. Each tank was fitted with a screw immersion heater to 
heat the solution.  The screw immersion heater had a power rating of 1000W and used 
120V supply voltage. The heaters were screwed into a threaded opening in each of the 
tanks. The heater had a range of 15°C to 130°C. Surrogate was initially prepared in 
Tank1 and was pumped using a magnetic drive pump with a rating of 1/15 hp. A similar 
pump was used to pump solution in Tank 2 back to Tank 1. The maximum output from 
the pump was 15 gph with a total pressure head of 9.2 psig. The tank (pump discharge) 
was in turn connected to a rotameter, which was used to control the surrogate flow rate 
and had a range of 0.8-20 gph. This rotameter had a glass and kynar fitting for better 
chemical resistance to the surrogate. The test line consisted of two counter-current flow 
heat exchangers. Each heat exchanger had a ½” SS 312 sch 80 inner tube and a 1” CPVC 
sch 80 outer tube. The second heat exchanger was followed by a section of 1/4” ID clear 
acrylic pipe. This pipe was introduced to allow observation of the formation of the plug 
in the test line. Acrylic rotameters were used for water on the shell side of each heat 
exchanger. These had a range from 0 – 5 gpm.  
Thermocouples and pressure transducers were used to monitor the temperature 
and pressure during the course of the experiment. There was one thermocouple in each of 
the three tanks to monitor the temperature.  Thermocouple T1 was placed before the first 
heat exchanger, and T2 was located before the second heat exchanger and after the first 
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heat exchanger. A final thermocouple T5 was located at the end of the test loop. The 
thermocouples were perfluoro alcoxy (PFA) coated for chemical resistance to the 
surrogate. Two thermocouples were used with each of the heat exchangers, positioned at 
the inlet and the outlet, to note the temperature change in the cooling water. These 
thermocouples were made of iron-constantan alloy with a probe diameter of 1/16”. The 
thermocouples were rated to 400°F.  
Two chemically resistant pressure transducers were used to monitor the increase 
in pressure during plug formation and the decrease in the pressure during the unplugging 
of the line. Transducer P0 was placed between heat exchanger 1 and heat exchanger 2 
and had a range of 0 – 60 psig.  Transducer P3 was placed at the end of the line and had a 
range of 0 –15 psig. 
The thermocouples and the transducers were connected to a Camile TG 3300 Data 
Acquisition and Control System.  The pressures and the temperatures were recorded with 
this system. The pressure transducers each had a voltage output of 1 – 5 Volts, which 
could be converted to a pressure drop measurement by the data acquisition system.  
 
2.3.4.  Experimental Procedures 
2.3.4.1. Plugging of the Test Loop 
Water (50°C) was used to preheat the test loop. Failure to start the experiment 
with the equipment already at elevated temperature risked the premature formation of the 
trisodium phosphate plug. The surrogate was passed through the test loop at a 3.5 gph 
flow rate. Based on the salt well pumping operations at Hanford, a Reynolds number 
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between 200 to 1800 was estimated. The flow rate of 3.5 gph in the laboratory scale test 
loop corresponds to a Reynolds number of 223 [4]. After the solution temperature as 
monitored by thermocouple T5 reached 47°C, cooling water flow to the second heat 
exchanger was turned on at 1.2 gpm.  For the first experiment, it took 59 seconds for the 
formation of the plug, which caused the flow to stop. In this experiment, it was suspected 
that the surrogate plugged in the heat exchanger itself because the usual time for plugging 
with the above-mentioned specifications was about 250 seconds [4]. The experiment was 
conducted a second time using the same specifications and care was taken that the plug 
did not form in the heat exchanger. This was accomplished by controlling the flow of 
water on the shell side of the second heat exchanger.  
 
2.3.4.2. Unplugging of the Test loop 
The plug formed was kept in the test loop for 2 hours. A diluent was then 
introduced into the test loop in an attempt to unplug the plug. The diluent in Tank 3 was 
pumped at 15 gph (full flow rate) into the test loop, and the variation of pressure as a 
function of time was recorded on the DAS. The pressure transducer, P3, which was 
located at the end of the test loop, showed a reading of zero pressure whereas the pressure 
transducer, P0, which was located upstream, showed a pressure in the range on 8 – 9 psig.  
This corresponded to the pressure head of the pump. As time progressed through the 
unplugging experiment, the downstream pressure, P3, increased indicating the 
percolation of diluent through the plug. The downstream pressure finally reached the 
same value as the upstream pressure and at this time, flow was visually observed. During 
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the rise of the downstream pressure, drops of diluent could be seen coming out of the end 
of the channel. The experiment was complete when the plug dissolved in the carbonate 
solution and an unhindered flow occurred. After the completion of the experiment, the 
test loop was rinsed with water so that additional experiments could be performed. 
 
2.4. ANALYSIS OF THE EXPERIMENTS WITH 241-SX-104 
Various instruments were used during the experiments and also for analysis. Plug 
formation outside of the test loop was examined by cooling the surrogate waste followed 
by PLM analysis.  Images were also collected using the Pulnix camera and imaging 
system described earlier. Finally, ESP calculations were performed to understand the 
formation of the plug and to evaluate the action of the sodium carbonate solution. The 
flow sheet used for these simulations is presented in Figure 2.16. 
 








Results of the salt cake dissolution and phosphate plug remediation experiments 
are presented in this chapter. Experiments were performed in order to understand the 
dissolution behavior of the salt cake and also to study the effect of sodium carbonate 
solution on the remediation of a phosphate plug. The salt cake dissolution experiments 
were performed at a flow rate of 0.3 cc/min and various physical and chemical 
parameters were calculated. The phosphate remediation experiments were performed by 
forming the plug in the test loop, and then dissolving it by using various concentrations of 
sodium carbonate solution.  
 
3.2. SALT CAKE DISSOLUTION EXPERIMENTS 
3.2.1. Column Experiments with Surrogate S-112 
Various experiments were performed on the S-112 surrogate. Initial experiments 
were performed to trouble shoot the experimental apparatus and the dissolution 
experiment. Difficulties encountered included the blocking of the filter material and 
43 
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channeling in the salt cake. The input flow rate of 0.3 cc/min was maintained and the 
final weights of each fraction collected were determined. Images were taken at regular 
intervals and the data of salt cake height and the diluent height were plotted as a function 
of time. Figure 3.1 shows the change in height of the salt cake and the diluent, and the 
viscosity of the collected fractions as a function of time. These data represent experiment 






































  45 
Table 3.1 summarizes the mass balance for the S-112 experiment. The initial mass 
of salt cake taken for the experiment, the diluent added, the drain mass collected and the 
total dilution are given. 
Table 3.1. Mass Balance for Experiment with S-112. 
 
Salt cake initially taken 
 
449.5 gm 
Brine collected from top 




Total diluent added (water) 
 
283.5 gm 
Amount of SC remaining at 











It was noted that the dilution rates at the start of the experiment were low 
compared to those at the end. In the experiment, it was observed that shortly after starting 
the inflow at 0.3 cc/min, a liquid level was established above the top of the salt cake 
(figure 3.1). The height of diluent above the salt cake usually ranged from 1 to 1.5 cm. 
An increase in the height of diluent above the salt cake indicated that the diluent did not 
penetrate the salt cake at the rate at which it was being drained from the column. There 
was accumulation of the diluent on the surface of the salt cake. The viscosity of the brine 
was higher in the initial stages of the experiment (Figure 3.1) compared to the later stages 
of the experiment. In the later stages of the experiment, there was still an imbalance 
between the amount of diluent added to the top of the column and that drained from the 
 
  46 
bottom. Initially, there was little change in the effluent viscosity.  It is hypothesized that, 
during this initial stage, the interstitial brine in the salt cake was displaced by diluent, 
with the diluent moving essentially in plug flow through the column. This interstitial 
brine was fully saturated in the various anions and cations such as NO3-1, NO2-1, PO4-3, 
CO3-2, SO4-2 and Al+3 comprising the salt cake.  This region of fairly constant effluent 
viscosity was followed by a region where, the viscosity of the effluent decreased.  This is 
indicative of dissolution of the salt cake. No channeling was observed in the experiment 
during the initial stages of dissolution.  However, approximately 2100 minutes into the 
dissolution experiment, channeling was observed. This is evident in Figure 3.2, which 
slope implies channeling. For this salt cake, approximately 90% by weight of the total 
shows the cumulative mass collected during the experiment. A sudden steep change in 
 
  47 
original solids had dissolved in water at a 70 % cumulative dilution by weight. Chemical 
analysis results for SC-13 are discussed in the next section. 
 
Figure 3.2. Cumulative Mass of Eluent Collected for Experiment with Surrogate S-
112. 
 
3.2.1.1. Chemical Analysis for Experiment with Surrogate S-112 
Analysis was carried for SO42-, NO2-, NO3-, PO43-, Al3+, and CO32- ions. Figure 
3.3 provides a comparison between the ESP predictions and the experimental values for 
NO2
-
 and Al3+. 
 
Figure 3.3. Nitrite and Aluminum Concentrations:  Comparison of Experimental Data 
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edicted that NO2- ion exists oESP pr nly in the supernatant phase, while Al3+ was 
partitio
n be understood from the following discussion. 
There 
ned between the solid and the liquid phases in the initial salt cake. During the 
initial stages of the dilution experiment, the concentrations of NO2- and Al3+ decreased. 
This decrease in the concentrations is attributed to the dissolution of species as fresh 
diluent interacts with the salt cake and lack of time for diluent to equilibrate. A sharp 
decrease in both nitrite and aluminum ion concentrations occurred at about 15 % dilution 
by weight. Experimentally, both the NO2- and Al3+ concentrations increased at a dilution 
of approximately 25 – 30% by weight. Also, since nitrite was not present in the solid 
phase, it is hypothesized that sodium nitrite had precipitated from the supernatant phase; 
either at a dilution level lower than 20 % or during the preparation of the salt cake itself. 
PLM images (Figure 3.4) taken of the original salt cake after it was prepared indicated 
that gibbsite was present, but NaNO2 crystals were not identified in any of the images 
examined. Solids formation can occur under a variety of conditions, including, when 
there is an increase in the ionic strength.  
An increase in the ionic strength ca
can be a region in the salt cake depleted of the supernatant, and when water 
reaches this region, it will dissolve the salt cake, generating brine which, when added to 
the supernatant already present, will increase the local ionic strength above the point 
where solids formation will be favorable. Also Al3+ is known to partition more in the 
aqueous phase initially than in the solid phase as gibbsite. The initial steep drop in Al3+ is 
due to the decreased pH which causes Al(OH)3 to precipitate. The increase in the 
concentration in the 25-30% dilution range by weight is attributed to the formation of 
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gibbsite during the preparation of the salt cake. This is evident from Figure 3.4 where 
gibbsite is observed to exist, although in small quantities. Also, the pH of the salt 
cake/brine is greater than 12, and Al(OH)4- is know to exist at such high pH’s.  When 
water is added and dilution takes place, reaction (3.1) takes place and gibbsite is formed, 
which increases the concentration in the 25-30% dilution range by weight when the 
gibbsite is dissolved. 
Al(OH)4- (aq) ↔ Al(OH)3 (s) + OH-                                                                  (3.1) 
concen
Furthermore, throughout the experiment, there was a general decrease in the 
trations of these two components. The increase in the concentration for the 25 – 
30% dilution range corresponds to dissolution of aluminum- and nitrite-containing solids 
from the salt cake. Also, the start of the experiment in Figure 3.3 is defined as the time 
when all of the brine initially contained in the salt cake was eluded out of the column. 
This time was determined by calculation. 
  
Figure 3.4. PLM Images at 200X Magnification for S-112 Salt Cake and Isolated 
Sodium Nitrite Crystals [14]. 
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tial amount of salt cake chargThe ini ed to the column was 449.5 g. According to 
ESP, th
ESP predictions with the 
experim
e salt cake contained 25% by weight liquid. Hence, the amount of liquid or brine, 
present in the salt cake initially was 112.37 g. 29 g of brine was drained out of the salt 
cake before the experiment was started. Thus the salt cake contained 83.37 g of brine 
prior to the addition of diluent. At 890 minutes, after diluent addition began, 83.18 g of 
brine had been collected. This was established as the point of zero dilution. It was 
assumed that the salt cake thereafter dissolved in the diluent.  
Figures 3.5 and 3.6 show a comparison of the 
ental data for NO3
-
 and CO32- and for SO42- and PO43-. 
 
 
























Figure 3.5. Nitrate and Carbonate Concentrations:  Comparison of Experimental Data 
and ESP Predictions. 
 
The concentrations of NO3
-
 and CO32- also decreased in the 25 – 30% dilution 
range by weight. It is hypothesized that the decrease in these concentrations is related to 
the re-precipitation of the solids containing these anions, thereby liberating nitrite and 
aluminum ion into the supernatant phase. This re-precipitation occurs over a 
comparatively small dilution range. The concentrations of NO3
-
 and CO32- increased at 
dilution levels greater than the 25 – 30 % dilution by weight. This is attributed to the 
formation of sodium nitrate and sodium carbonate salts in the 25-30% dilution by weight. 
The dissolution of these salts in dilution range greater than 30% increases the 
 
  52 
concentration of these ions. It is also evident that the experimental values are in 
agreement with the ESP predictions at a dilution level of 40 % by weight. It should also 
be noted that the increase for NO3- and CO32- coincides with the decrease in NO2- and 
Al3+.  At large dilution levels by weight, the concentrations of these anions decreased and 
this is evident from Figure 3.2, which shows the steep rise in cumulative masses of the 
effluent towards the end of the experiment. 
 
 
Figure 3.6. Sulfate and Phosphate Concentrations:  Comparison of Experimental Data 
and ESP Predictions. 
The experimental sulfate concentration rapidly increased as diluent was added. 
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there w
tages of dilution. 
This is
the re-precipitation of solids and incorrect partitioning of 
some s
as an increase in the concentration of sulfate ion at higher dilution levels when the 
solids were dissolving. The trend is similar to that observed experimentally for the NO3
-
 
and CO32- ions. However, this trend is very different from that predicted by ESP model 
calculations. The experimental data and the ESP predictions are similar only in the initial 
stages of dilution and in the later stages of the experiment when there is an increase in the 
concentration. A reason for this behavior can be explained by the fact that the trend 
predicted by ESP is expected for perfect uniform mixing of the salt cake with a known 
amount of diluent. But the experiments do not represent perfect mixing. 
For the PO43- anion concentration, significant differences between the ESP model 
predictions and the experimental data are observed, except in the initial s
 explained by the incorrect partitioning of the PO43- ion within ESP. This 
discrepancy has been observed in simulation of salt cake dissolution for core samples of 
Hanford Waste [5]. Experimental results yielded an increase in the PO43- ion 
concentration at dilutions greater than 50% by weight. ESP predicted a larger 
concentration of phosphate in the supernate in the initial stages of dilution, followed by a 
drop in the concentration at higher dilution levels. The model also predicts that a dilution 
level of greater than 100 % by weight is required to completely dissolve solid 
Na3PO4.12H2O.0.25NaOH.  
The differences observed between the experimental data and the model 
predictions are attributed to 
pecies within the ESP code. The concept of thermodynamic equilibrium used in 
ESP is not achieved in the experiment and this contributes to the differences observed in 
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the experimental and the model predictions. Since channeling was observed only at the 
end of the experiment, it can be stated that channeling is not the reason for the observed 
deviations between the experimental data and the model predictions.  
 
3.2.1.2. Physical Analysis for Experiment with Surrogate S-112 
Physical parameters such as porosity, permeability and viscosity were determined 
perime ves a detailed 
explana
 
Figure 3.7. Variation of Porosity and Permeability During Experiment with Surrogate 
S-112. 
 
from ex ntal data for the experiments performed. This section gi
tion of these physical parameters for experiment SC-13 (surrogate S-112). Figure 










0 500 1000 1500 2000




























  55 
It is evident that both the porosity and the permeability decreased during the 
initial stage of the experiment and then leveled off to remain in the range of 15 – 20% for 
porosity and 2.5 – 3.5 Darcy for the permeability. When channeling was observed during 
the course of the experiment, there was a corresponding sudden increase in the porosity 
and the permeability values. The calculation for the porosity and the permeability were 
performed until the level of the salt cake was no longer visible to the camera.  Initially, 
the permeability was in the range of 6 to 10 Darcy, while at the end of the experiment, 
values of 0.5 Darcy were found. Thus, the experimental values were within the range as 
reported by Fort [27], for the porosity, 30 – 35 %, and for the permeability, between 0.05 
to 50 Darcy. 
The initial constant effluent viscosity observed in the experiments was consistent 
with the chemical analysis suggesting that, during the initial stages of the experiment, 
tio
Brine viscosity, experimentally measured in the laboratory, ranged from 21 to 23 cP. This 
result illustrates the reproducibility in preparing the salt cake. 
 
3.2.2 Column Experiments with Surrogate S-101 
An experiment was performed using the S-101 surrogate. As the experiment 
proceeded, a layer was observed to form over the top of the salt cake.  This observation 
coincided with a dramatic increase in the time required to dissolve the salt cake. The total 
duration of salt cake dissolution for surrogate S-101 was almost four times larger than 
that of surrogate S-112. The layer formed eventually disappeared due to channeling.  
little dissolu n took place while the interstitial brine was drained out of the salt cake. 
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When channeling occurred, the layer mixed with the remaining salt cake. Table 3.2 






Table 3.2. Mass Balance for Experiment with S-101. 
  
  
Salt cake initially taken 
 
420 gm 
Brine collected from top  




Total Diluent added (Water) 230.4 gm 
Amount of SC remaining at  




Total Dilution 59.6 % 
 
Figure 3.8 shows the variation in the height of the




 salt cake and of the diluent, and 
the measured viscosity as a function of time for surrogate S-101. As observed with 
simulant S-112, a level of diluent accum lated over the top of the salt cake bed, 
e salt cake was not equal to the 
inlet flow rate delivered by the pump. The viscosity was constant over a period of time 
suggesting that the diluent displaced the interstitial b ine, which eluded out at the start of 
the experiment. Thereafter, the viscosity decreased as the dissolution proceeded. A layer 
u
suggesting that the rate at which the diluent penetrated th
r
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was formed during th d the layer height as a function of time is shown in 
Figure 3.8. Channelin n eriment, noted by a steep 
change in slope for c . he salt cake and the diluent height 
rapidly decreased as a function of time. No channeling was observed during the initial 
stages of the experiment. Also evident in Figure 3.8 is that the dissolution time as 
compared to surrogate S-112 was highly influenced by the formation of the layer.  
 
Figure 3.8. Data Showing SC Height, Diluent Height, Cumulative Mass and   
 
3.2.2.1. Chemical Analysis for Experiment with Surrogate S-101 
The chemical analysis of the effluent collected during the course of the 
experiment is explained in this section and a separate section has been devoted to the 
e experiment an
g was observed towards the e d of the exp
umulative mass in Figure 3.8  T
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layer formation and the chemical analysis on the formed layer (section 3.2.3). Figure 3.9 






































It is evident that the experimental data for nitrite and chloride concentration were 
significantly
Figure 3.9. Experimental Data and ESP Predictions for Al , Cl , and NO2  Ions. 
wer than the ESP predictions. Slight increases in the NO2
-
 and Al3+ ion 
concentrations were observed in the 25 – 30 % dilution by weight range.  The increase in 
the concentration within this dilution range was considerably smaller than that observed 
 lo
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for the simulant S-112. Figure 3.10 provides a comparison of the experimental data and 
the ESP predictions for NO3
-






















Figure 3.10. Experimental Data and ESP Predictions for NO3- and CO32- Ions. 
For both the NO3
-
 and CO32- ions, there was agreement between the experimental 
data and the ESP predictions.  Initially, an increase in the concentration was observed, 
followed by a decrease, indicating that




 solids containing nitrate and carbonate were 
dissolv g and had essentially completely dissolved by the end of the experiment.  
There is a difference in the ESP predictions and the experimentally measured 
nitrate concentration in the supernatant. However, for carbonate ion, the ESP predictions 
in
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were similar to the experimentally measured concentration of carbonate ion in the 
aqueous phase. The small increase in the NO3
-
 ion concentrations at the 25 – 30% 
dilution regime is attributed to the solids re-precipitation.   Figure 3.11 provides a 
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Figure 3.11. Experimental Data and ESP Predictions for PO43- and SO42- Ions. 
 
4As observed in Figure 3.11, the experimental data showed an increase in the PO 3- 
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gradual decrease in the ion concentration. The ESP model also predicted that the SO42- 
ions would not dissolve until higher levels of dilution were achieved.  Results from the 
experiments indicate that sulfate dissolved at much lower levels of dilution.  
 The ESP model predicted the existence of sodium sulfate and sodium
fluorosulfate double salt in the solid phase. The dissolution of the double salt was 
predicted to be complete at a dilution of approximately 25 % by weight.  
Figure 3.12 compares the experimental data and the ESP predictions for the 










concentration in the 0 – 10 % dilution range by weight.  
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Figure 
sodium
sulfate and carbonate ions occurred simultaneously with an increase in the concentrations 
of nitrite and Al 3+ . For anions such as F-, Cl-, NO2-, NO3-, the agreement with the model 
prediction was better at the base composition (initial composition when no diluent is 
added) and also during the experiment.    
 
3.2.2.2. Physical Analysis for Experiment with Surrogate S-101 
As for the experiment with surrogate S-112, measurement of the effluent viscosity 
and the calculation of porosity and permeability as a function of time were conducted 
using experimental data from experiment B2. 
The measured viscosities were in agreement with the chemical analysis. This is 
because during the initial stages of dilution only brine eluded out, which is evident from 
the near-constant viscosities at the start of the experiment. Similar observations were 
during initial stages of dilution, 
brine was being drained out. As in the experiment with surrogate S-112, the viscosity 
uggests that the 
interstitial brine was being drained out of the salt cake. Thereafter, as the dissolution 
proceed
3.12. Experimental Data and ESP Predictions for Fluoride Ion. 
 
In summary, the experimental data support that re-precipitation of solids such as 
 nitrite, sodium sulfate and sodium carbonate occurred in the 25 – 30 % dilution 
range by weight. Furthermore, the decrease in the fraction concentrations of the nitrate, 
made in the chemical analysis, which suggested that, 
stayed relatively constant during the initial phase of dilution, which s
ed the viscosity gradually decreased. 
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Porosity and permeability were also calculated for the experiment.  Due to the 
layer formation that occurred during the experiment, it is difficult to interpret the 
resulting porosity and permeability information.  Figure 3.13 shows the variation in the 
porosity and the permeability as a function of time. The scatter observed in these 
calculated values is attributed to the inconsistent effluent flow rate, which was primarily 
due to the formation of the layer during the course of the experiment. An average value 











































permeability was calculated as 1.16 Darcy. 
 
Figure 3.13. Porosity and Permeability Variations for Experiment with Surrogate S-
101. 
Time ( min )
 
  64 
 
3.2.3. Characterization of Layer Formed During Experiment with Surrogate S-101. 
A layer was formed during the experiment with surrogate S-101. Figure 3.14 is a 
Experiments were performed to 
 
image of the formed layer. 
 
 
Figure 3.14.  Layer Formed During Experiment with Surrogate S-101. 
 
identify the chemical and the physical 
composition of the formed layer. The formation of the layer hindered the dissolution of 
the 
layer formed.  tank undergoing retrieval at the Hanford site 
the dilu
er of the dissolved wastes to the holding tanks, thus delaying 
the salt cake.  A more important objective of these experiments was to identify why 
Formation of such a layer in a 
would be problematic. A formed layer would significantly increase the time required for 
ent to penetrate the salt cake, thus increasing the time for the dissolution process. 
This would delay the transf
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the tank clean up. Hence, identifying the composition of the layer, and ascertaining why 
it formed, were the focal point of these experiments.  
Small column experiments were configured to allow duplication of the layer 
formation and to procure a sample of the layer for chemical and physical property 
analysis. The layers formed in these experiments were isolated using a Teflon plunger. A 
image of the obtained layer is shown in Figure 3.15. 
 
Figure 3.15.  Isolated Layer from Small Column Experiment. 
 
The viscosity of the isolated layer was measured using the rotational viscometer. 
The viscosity of the layer ranged from 1850 to 2000 cP. A plot of viscosity as a function 
of shear rate for the layer is shown in Figure 3.16. The relationship between the shear 
stress and the shear rate was approximately linear within 10% accuracy of the instrument. 
 




analyzed by IC.  The solids were analyzed by ICP. Table 3.3 shows the chemical 
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3.16.  Viscosity as a Function of Shear Rate for Layer. 
 
3.2.3.1. Chemical Analysis of the Layer 
A small sample of the layer material was centrifuged and the decanted liquid was 
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NO2-  5.95E+02  5.95E+02 6.12E+02 
Cl-  2.64E+02  2.64E+02 2.65E+02 
Al3+  2.02E+02 1.74E+04 1.76E+04 1.01E+04 
NO3-  1.77E+05  1.77E+05 1.96E+05 
CO32-  3.74E+04  3.74E+04 4.40E+04 
SO42-  2.17E+04  2.17E+04 2.28E+04 
PO43-  1.07E+04 9.78E+03 2.05E+04 4.49E+04 
F-  4.38E+01 1.68E+02 2.12E+02 5.71E+02 
C2O42-  4.57E+02 7.74E+03 8.20E+03 5.94E+04 
 




 ions are low. The 
NO2- are completely partitioned into the 
aqueou
ht 
variation between the ESP predictions and the experimental results. This is attributed to 
the varying percentage of solids recovered from the layer after it is formed. Some 
amounts of the original salt cake were also found in the layer samples and these are 
believed to have come with the layer when it was being extruded from the test column. A 
PLM image of the extruded layer solids is shown in Figure 3.17. The image shows loose 
model calculations also suggest that both Cl- and 
s or the supernatant phase. The resulting composition of the formed layer is 
primarily from solids that form upon the addition of water. Other ions such as sulfate, 
phosphate and the oxalate are present in appreciable quantities. There was a slig
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amorphous particles of gibbsite. An image of the original salt cake is also presented. 
From these images, the presence of gibbsite in the laye n and is ared 
to the crystals present in ginal S- ulant. The formation ayer can be 
attributed to the following explanation. It was found from the chemical analysis that the 
layer was primarily made up of gibbsite. Aluminum exists in the aqueous phase as 
Al(OH)4  at high pH. In the experiment when water is added to the salt cake, it gets 
diluted and hence the pH decreases. Aluminum has a tendency to go in the solid phase as 
Al(OH)3 (gibbsite), as the pH decreases. Hence there is a layer formation during the 
course of the experiment. 
r is see  different comp
 the ori 101 sim of the l
-
 
Figure 3.17. Gibbsite in layer material (200X Magnification) 
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Figure 3.18.  Salt Cake S-101 when prepared (200X Magnification). 
 
3.2.3.2. Experiment for Remediation of Layer 
Due to concerns raised by the formation of this layer in the laboratory and the 
possibility of its formation in the Hanford tanks, a means to dissolve the layer was 
investigated.  In order to carry out this investigation, a relatively large amount of the 
layer was formed in a column.  This layer was then removed, divided into two parts and 
these parts placed in 2 columns. The effect of caustic addition on the layer ssolution 
 the diluents. Figure 3.19 
shows the experimental apparatus used for the layer dissolution experiments. Caustic 
solutions were used because, as explained earlier, Aluminum exists in the aqueous phase 
di
was examined.  1m and 3m NaOH solutions were employed as
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as Al(OH)4- at high pH’s. Hence addition of caustic to the layer material would increase 
its pH and thus remediate the layer by converting the gibbsite into Al(OH)4-. 
 
 
Figure 3.19. Experimental Apparatus for Layer Dissolution Experiment. 
he 3m unt of the layer compared to the 
1m cau
 
T  caustic solution dissolved a greater amo
stic solution, as expected. However, as shown in Figure 3.20, there was not a large 
difference in the percentage of the layer dissolved by either diluent. Addition of 180% by 
weight of caustic resulted in only a 60% reduction in the volume of the layer for both 1m 
and 3m caustic. 
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Figure 3.20. Percentage of Layer Dissolved with 1m and 3 m Caustic Solutions. 
bed in the previous sections. Figure 3.21 shows the temporal variation in 
the cumulative mass of the effluent and height of the salt cake for experiments SC-13 and 
SC-B2. Cumulative mass is the total mass of the effluent collected at any given time 
during the experiment. 
 
3.2.4. Discussion on Salt Cake Dissolution Experiments 
Comparison of the experimental results for the dissolution of two salt cakes is 
conducted in this section. Various chemical and physical analyses for the two salt cakes 
have been descri
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ve of the onset of channeling 
during 
eabilities for the two salt cakes.  
Figure 3.21. Comparison of Salt Cake Data for S-112 and S-101. 
The steep increase in the cumulative mass is indicati
the experiment. Furthermore, the rate at which the salt cake height decreased as a 
function of time for surrogate S-112 was much greater than that for the salt cake height 
for surrogate S-101. Thus, the time required for the dissolution of salt cake S-101 was 
much longer.  This was primarily due to the formation of the gibbsite layer. Figure 3.22 
provides a comparison of the porosity for the two salt cakes while Figure 3.23 is a 
comparison of the perm
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ate S-112 and S-101. Figure 3.22. Comparison of Porosities for Experiment with Surrog
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For surrogate S-112, the porosities and the permeabilities followed a definite 
trend whereas, for surrogate S-101, the data exhibit a great deal of scatter. This scatter is 
primarily due to the inconsistent flow rates observed during the experiment because of 
the layer formation. The average values and the standard deviations for the porosity and 
for the permeability are tabulated in Table 3.4. Surrogate S-101 was more chemically 
complex than the surrogate S-112 due to the presence of chloride, fluoride and oxalate.  
Also simulant S-101 produced a layer, which increased the dissolution time 4 times that 
with the simulant S-112. 
 
Figure 3.23. Comparison of Permeabilities for Experiment with Surrogate S-112 and S-
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Table 3.4. Porosity and Permeability for S-112 and S-101 Surrogates. 
 
 Porosity Permeability (Darcy) 
S-112 0.20 + 0.05 0.63 + 0.29 
S-101 0.18 + 0.08 1.16 + 0.86 
 
3.3. PHOSPHATE PLUG REMEDIATION EXPERIMENTS 
Experiments were previously performed to understand the plugging mechanism of 
the 241-SX-104 surrogate [4]. Very little information apart from laboratory experiments 
was available on the mechanism(s) of plug formation [4]. The experiments previously 
conducted in this laboratory emphasized the identification of the conditions that led to 
plug formation and correlation of these conditions with the chemistry of the system. The 
focus of the experiments conducted in this work was to develop methods that could be 
readily implemented for dissolving an existing plug.  As the material in the single shell 
tanks is retrieved during interim stabilization, there is a possibility that high phosphate 
levels could potentially lead to the formation of a plug in a transfer line.  Hence, 
significant cost savings could be realized if a procedure for remediation of such a 
phosphate plug were available. The plugs, once formed, cannot be cleared manually 
because of the presence of radioactive materials in the pipeline. Hence, a remediation 
procedure has to be followed. Experiments were conducted to provide baseline data using 
warm water as the chemical agent (50°C). Plugs were formed using the 241-SX-104 
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surrogate at a flow rate of 3.5 gpm (Re = 23) and a retention time of 2 hours in the 
 
3.3. ging of the Test Loo
sphate plugs were for e following proc ate solution at 
50°C was passed through the salt well test-loop at 3.5 gph (Re = 223). The cooling water 
ate of 1.2 gpm when 
the tem
2
channel. Experiments were then performed using carbonate solutions. 
1. Plug p 
Pho med using th edure. Surrog
flow to heat exchanger-2 (Hex-2) was established with a water flow r
perature recorded by thermocouple T5 reached 47oC. This resulted in the 
formation of a plug in the clear acrylic section of the test loop. Temperature and pressure 
were monitored and recorded using the Camile Data Acquisition and Control System. A 
typical plot of recorded pressures and temperatures is shown in Figure 3.24.  The 
formation of the plug was observed to occur when the pressure, P0, began to rise and the 
plug was fully established when this pressure leveled off at a constant value. A rapid 
increase in the pressure recorded by transducer P0 was observed as soon as the plug 
formed. The pressure reading on transducer P3 remained constant throughout the 
experiment suggesting that the phosphate plug was formed between transducers P0 and 
P3. On average, it took approximately 250 seconds to form a plug using these conditions. 
 


































Figure 3.24. Plugging of Test Loop at 3.5 gph of Surrogate Flow Rate. 
 
3.3.2. Remediation of the Plug 
During a comprehensive search of the literature, the work of Belton et al., was 
found which described a novel reaction between sodium phosphate dodecahydrate 
crystals and carbon dioxide gas [18]. 
CO2 (g)+ Na3PO4.12H2O  Na2HPO4.7H2O (s) + NaHCO3 (s) +4 H2O     (3.2) 
 In this article, Belton et al. stated that this reaction resulted in the formation of 
NaHCO3 and Na2HPO4.7H2O [18]. This reaction was of interest because one crystal (the 
sodium phosphate dodecahydrate) reacted to form two crystals (sodium bicarbonate and 
sodium biphosphate heptahydrate) when a gas (carbon dioxide) was added. At high pH, 
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the carbon dioxide is converted to carbonate anion, which can then participate in the 
reaction. Rather than use carbon dioxide gas, it was hypothesized that sodium carbonate 
solution would behave in a similar fashion when contacting a solid sodium phosphate 
dodecahydrate crystal.  Hence, remediation of the phosphate plug was investigated using 
a sodium carbonate solution. 
 ESP calculations were performed to predict the reaction products. Table 3.5 
shows the ESP predictions for various concentrations of sodium carbonate solution. As 
evident in this tabulation, the total solids were reduced as the concentration of carbonate 
solution was increased. The reduction in solids from 0.8 m to 0.9 m was less since the 
majority of the phosphate had already dissolved. These predictions provided insights for 
flow experiments. 
Table 3.5. ESP Predictions for Phosphate Plug Remediation. 
 
Stream Al(OH)  (g) 3 NaNO  (g) 3 Na PO .12H O(g) 
 
3 4 2 Total (g) 
SX-104 16.71 
 
19.12 66.18 102.02 
0.1 m 
 
CO3 35.93 0 22.47 58.40 
0.2 m CO3 35.45 0 20.46 55.91 
 
0.3 m CO3 34.96 0 
 
18.41 53.37 
0.4 m CO3 
 
50.78 34.46 0 16.32 
0.6 m
 
 CO3 33.43 0 12.03 45.46 
0.8 m CO3 
 
32.37 0 7.57 39.94 
0.9 m CO3 31.83 0 5.27 37.09 
 
 








Figure 3.25. R tion of the ate Plug  m Na2CO3 Solu
 
The upstream pressure, P0, stayed relatively constant at a pressure equal to the 
pump head, which was approximately 7 psig. As the sodium carbonate solution was 
passed into the test loop, the downstream pressure, P3, gradually increased, which 
suggested the dissolution of the phosphate plug. When the pressure at P3 reached the 
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3.3.3. Discussion on Phosphate Plug Remediation 
Various concentrations of sodium carbonate solution were used and the time to 
 
Figure 3.26. Time Required to Unplug as a Function of Sodium Carbonate 
  
When warm water (50°C) was used as the chemical agent, approximately 6700 
minutes were required to remediate a plug that had been aged in the test loop for 2 hours. 
unplug the test loop was recorded. Results indicated that as the concentration of sodium 
carbonate solution was increased, less time was required to remediate the plug as 
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A significant decrease in the time required was observed when 0.8 m sodium carbonate 
signific
concentrations less than or equal to 0.8 m.   
solution at 50°C was used as the chemical agent. It was found that there was no 
ant advantage to using 0.9 m sodium carbonate solution compared to 0.8 m 
sodium carbonate solution with respect to the length of time required to dissolve the 
phosphate plug. The sodium phosphate dodecahydrate can be effectively dissolved using 
a 0.8 m solution. Sodium carbonate is the limiting reagent in the reaction at 
 
   
CHAPTER IV 




The primary focus of this research was to gain an understanding of the chemistry 
of the salt cake dissolution process, to compare experimental results to those predicted by 
ESP, and finally, to quantify the physical properties of the salt cake such as porosity and 
permeability. The second major thrust of the thesis research was to investigate the 
remediation of a sodium phosphate dodecahydrate plug using water and sodium 
carbonate solution.  
A column was designed and constructed in the laboratory for the salt cake 
dissolution experiments. Performance verification experiments were completed to 
establish the operation of the column and results obtained. The phosphate plug 
remediation experiments were carried out in a test loop, which had previously been used 
to study the formation of plugs during salt well pumping [4].  
Data have been presented for the dissolution of 2 salt cake surrogates, S-112 and 
S-101. Surrogate S-112 was a simple surrogate, with fewer species present, while 
surrogate S-101 was more complex, and contained sodium chloride, sodium fluoride and 
sodium oxalate, in addition to those salts present in surrogate S-112.
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The dissolution profile for surrogate S-112 salt cake indicated the reprecipitation 
of solids in the 25 to 30 % dilution range by weight. Experiments were performed on the 
original effluent fraction (interstiti lt cake), which indicated similar 
concen f ions 
such as NO3
-
, SO42- and CO32-. An i ncentrations of NO2
-
 and Al(OH)4- 
ions in the aqueous phase was simultaneously observed. Solids re-precipitation was also 
bserved during the dissolution of surrogate S-101, resulting in the formation of a layer 
of gibbsite on the top of the salt cake. Various comparisons were performed between the 
experimental results and the ESP model predictions. The trends predicted by the ESP 
code were in agreement with the experimental data. A difference between experimental 
data and ESP predictions was noted for the phosphate ion concentration.  This has been 
attributed to the incorrect partitioning of the phosphate ion between solid and liquid 
phases as predicted by the ESP code.  
Data were also collected to allow determination of the physical properties of the 
salt cake. During the initial stages of dilution, the viscosity of the effluent was relatively 
constant indicating that the effluent primarily consisted of interstitial brine initially 
contained in the salt cake. Once this interstitial brine had drained from the salt cake, the 
viscosity gradually decreased as the dissolution of salt cake proceeded. This behavior was 
observed for both S-112 and S-101 salt cakes. The measured viscosity was used in the 
evaluation of porosity and permeability of the salt cake bed.  Both porosity and 
permeability were evaluated as a function of the dissolution process. These two 
parameters are important in that they are indicative of how fast a tank containing a 
al brine in the sa
tration profiles. The solids re-precipitation process involved the salting out o





ium nitrate, and sodium oxalate. The viscosity of 
the lay
 salt cake could be emptied via the dissolution process. Permeability is the 
measure with a liquid penetrates a given bed. It is important to know the permeability of 
the salt cake bed because this gives quantification on the amount of diluent that needs to 
be added as well as the amount of time it takes for the diluent to penetrate the salt cake 
bed. Since the permeation of diluent in the bed depends on the porosity of the bed, it is 
also an important parameter in the calculations. The porosity and the permeability 
profiles for S-112 clearly indicated a decrease in porosity and permeability as the salt 
cake dissolution process proceeded.  However, for surrogate S-101, these profiles 
exhibited significant scatter.  This scatter was attributed to the layer formation in the salt 
cake. 
Experiments were performed to characterize the layer formed in the experiment 
with surrogate S-101. Chemical analysis was performed on the layer, indicating that the 
layer primarily contained gibbsite, sod
er was measured to be approximately 1900 cP.  The rheological behavior of the 
layer was Newtonian. The reduced diluent flow rates in the experiment with surrogate S-
101 were attributed to this extremely high viscosity. Further experiments with the layer 
suggested that, once formed, the layer could be dissolved using caustic solution. 
Experiments were performed with 1m and 3m caustic solutions. No significant difference 
in the rate of dissolution was found when 1m and 3m caustic solutions were used. It was 
also found that there was a 60% reduction in the layer volume for an addition of 180% by 
weight of diluent. This should be compared to the simple surrogate S-112, where 90% by 
weight of the salt cake was dissolved with a dilution of 80 % by weight. Although it was 
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noted that the layer formation could not be avoided due to the reaction between the 
aluminate and water, efforts were made to remediate the layer, which would be formed 
during the dissolution process. 
Experiments with water and sodium carbonate solutions were performed and the 
effect of these solutions on the plug remediation was noted. Results from the phosphate 
plug remediation experiments indicated that use of sodium carbonate solution resulted in 
faster remediation of the plug compared to warm water at 50°C. These data are important 
for the Hanford site because supernatant transfers are being conducted at Hanford and the 
data provides one way to clear blocked pipes. Further efforts would be needed to more 
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Viscosity was measured for the calibration fluids. Table A.1. presents the 
information for the 4.8 cP fluid.  It should be noted that the values included in the table 
re for a torque greater than 10%. These viscosities were measured at room temperature 
5°C). The viscometer gave the speed in rpm, viscosity in centipoises (cP), shear stress 
hear rate in sec-1 and the % torque for every reading. For the 4.8 cP and 
.8 cP fluids, 16 ml samples were used because of the sample chamber requirements, 
hile for 1000 cP and 5000 cP, 4.2 ml samples were used. Results of calibration 
easurements are shown in table A.1 – A.4. 









(RPM) % Torque 
Viscosity 
(cP) Shear Stress (dynes/cm2) Shear Rate (sec-1) 
12 10.5 5.25 76 14.7 0.
30 23.9 4.78 1.75 36.7 
60  49.7 4.97 3.65 73.4
     
20 17.1 5.1 1.25 24.5 
50 41 4.92 3.01 61.1 
100 82.3 4.94 6.04 122.3 
     
12 10.8 5.2 0.79 14.7 
30 23.7 4.74 1.72 36.7 
60 50.1 5 3.68 73.4 
     
20 15.8 4.74 1.15 24.5 
50 41.7 5 3.06 61.1 
100 82.5 4.95 6.05 122.3 





Table A.2. Viscosity Measurements for 9.8 cP Standard Fluid. 
 
 
* The value of torque could not be noted as it was above 100% 
Speed (RPM) % Torque Viscosity (cP) Shear Stress (dynes/cm2) (sec-1) 
30 48.6 9.72 3.57 36.7 
10 16.9 10.1 
Shear Rate 
6 10.2 10.2 0.75 7.34 
12 20.7 10.3 1.51 14.7 
60 EEE* EEE EEE 73.4 
     
1.24 12.2 
20 32.3 9.69 2.36 24.5 
50 83.6 10 6.13 61.1 
100 EEE EEE 122.3 EEE 
     
6 10.2 .1 75  10 0. 7.34
12 20.5 .3 .5  10 1 14.7
30 48.4 7 56  9. 3. 36.7
60 97.8 9.79 7.18 .4 73
     
10 17 .2 25  10 1. 12.2
20 33 9.9 42  2. 24.5
50 82.8 9.94 6.08 .1 61
100  E EE 3 EEE EE E 122.

















able A.3. Viscosity Measurements for 1000 cP Standard Fluid
Speed 
(RPM) Torque (cP) Shear Stress (dynes/cm2) Shear Ra ) te (sec-1
  
 Ave 1315 cP   rage 
% Viscosity 
6 10 1980 34.5 1.74 
12 15.1 1510 52.5 3.48 
30 30.1 1204 104.7 8.7 
60 55.6 1112 193.5 17.4 
     
10 13 1560 45.2 2.9 
20 22 1290 74.8 5.8 
50 46.6 1118 162.2 14.5 
100 89.5 1075 311.8 29 
     
12 14.8 1480 51.5 3.48 
30 30.2 1208 104.7 8.7 
60 54.9 1098 191.1 17.4 
   
10 13 1572 45.6 2.9 
20 21.9 1314 76.2 5.8 
50 47.3 1135 164.6 14.5 













Table A.4. Viscosity Measurements for 5000 cP Standard Fluid. 






(cP) Shear Stress (dynes/cm2) Shear Rate (sec-1) 
3 12.3 4920 42.8 0.87 
6 25.5 5080 88.4 1.74 
12 50.3 5030 174.7 3.48 
30 EEE * EEE EEE 8.7 
60 EEE EEE EEE 17.4 
     
2.5 10.2 4896 35.5 0.73 
4 16.7 5010 58.1 1.16 
5 21 5040 73.1 1.45 
10 42 5040 146.5 2.9 
100 EEE EEE EEE 29 
     
3 13.3 5320 46.3 0.87 
6 25.1 5050 88.1 1.74 
12 50.3 5030 174.7 3.48 
30 EEE EEE EEE 8.7 
60 EEE EEE EEE 17.4 
     
2.5 10.4 4920 35.7 0.73 
4 17.1 5050 
20 83.8 5028 291.3 5.8 
50 EEE EEE EEE 14.5 
58.4 1.16 
5 21.3 5036 74.1 1.45 
10 42 5040 146.5 2.9 
20 84.5 5130 291.5 5.8 
50 EEE EEE EEE 14.5 
100 EEE EEE EEE 29 
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Dilution was carried out on the effluent samples from the column experiments 
ith surrogates S-112 and S-101. These dilutions were carried based on the predictions 
y the ESP code. Tables B.1 to B.4 give the predicted ppm of various ions at different 
dilutions. 
Table B.1. Concentration of Various Ions Predicted by ESP for Various 








































0 100373.5 91581.99 3715.848 650.4879 
25 52187.91 161958.2 3694.162 2729.086 
50 35587.04 193992.5 1712.661 9967.603 
65 29933.45 207155.3 1210.27 8384.108 
75 27436.9 205836.4 1178.566 7684.842 
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Table
S-101 and S-112 Surrogates. 
 











0 31826.41 8871.37 
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T C
Dilutions for 



















0 27431.25 140973 4782.036 1709.45 27.773 12190.5 
25 11 .12 181 086.318 105.26 5327.80 
35 9956.255 193542 1537.291 6949.04 68.804 4424.60 
40 9227.696 197931 1356.934 8852.47 57.27 4100.82 
55 7719.546 207351 1406.602 12472.2 39.056 3430.59 
60 7370.025 197963 1463.449 14593.9 32.258 3275.27 
70 6767.25 181773 1617.63 17835.5 22.799 3007.39 
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Table B.4. Concentration of CO3 2- ion Predicted by ESP for Various   Di










0 26375.00 46086.20 
25 39278.79 76442.00 
40 30770. 592 9848.60 
65 22529. 416 5727.80 
 
 Based on these predictions, the samples were diluted and sent for IC, ICP and 
TIC/TOC analysis. 
70 20650.14 43890.80 
80 19426.28 41091.80 
 
